In a recent review on the nucleoid of Escherichia coli, Pettijohn emphasized the empirical nature of the methods used in the isolation of bacterial nucleoids. He described their successful isolation as a compromise between two extreme conditions of cell lysis resulting either in unfolded chromosomes or in nucleoids that remain trapped in the partially disrupted cell envelope (8).
The time course of morphological changes during lysis of Escherichia coli cells was examined with respect to an undisturbed release of nucleoids. The addition of detergents to plasmolyzed, osmotic sensitive cells resulted in the immediate reversal of plasmolysis followed by the appearance of rod-shaped ghost cells without any detectable spheroplast formation. Electron microscopic examination of the rod-shaped ghost cells revealed a zonal gap in the cell envelope, allowing the free release of the nucleoid. Due to the high ionic strength, a suitable cell lysis was shown to require higher incubation temperatures. However, in the absence of an appropriate control this may result in the sphering and vesiculation of ghost cell envelopes and even the unfolding of released nucleoids. To avoid this unfavorable consequence of lysis at high temperatures, a microscopic examination on the course of rod-shaped ghost formation is suggested.
In a recent review on the nucleoid of Escherichia coli, Pettijohn emphasized the empirical nature of the methods used in the isolation of bacterial nucleoids. He described their successful isolation as a compromise between two extreme conditions of cell lysis resulting either in unfolded chromosomes or in nucleoids that remain trapped in the partially disrupted cell envelope (8) .
From the sedimentation analysis of purified nucleoids these extremes were characterized either as membrane-associated or membranefree but more or less unfolded complexes (9, 15) . The proportion of both types of nucleoids was shown to depend on the temperature of cell lysis, the former being predominant at 0°C (9, 15) . Although initially the association of the nucleoid with the cell membrane was considered to be specific (15) , it was subsequently shown to result from a nonspecific binding of the nucleoid to the cell envelope (7) . Since (Fig. 1 , transition B to C). The plasmolysis of cells induced in step A, and which remained throughout step B, was rapidly reversed upon addition of the detergent mixture ( Fig. 2a and b ). This reversal was followed by a gradual formation of rod-shaped ghost cells, which subsequently became converted to spherical ghosts ( Fig. 1 and 2 ). Confirming earlier observations (14) , spheroplasts were never observed either during the lysozyme treatment or after dilution of the osmotic sensitive cells with the detergent mixture. The envelope structure of the rod-shaped ghost cells was dependent on the lysis temperature. At 0°C convoluted envelopes were observed (Fig. 2f) , whereas at higher incubation temperatures (20 to 25°C) the envelopes were smooth and revealed a single gap, frequently located either near the cell equator or at the pole ( Fig. 2c and d) . Since serial sections did not show additional interruptions in the continuity of the ghost envelope, the entire cell content including the sizable nucleoid was released through this envelope gap (Fig. 2c) . At these higher incubation temperatures a vesiculation of the ghost cell envelopes was observed concurrent with the appearance of spherical ghosts ( Fig. 2g and e) . Simultaneously, the ghost cells started to aggregate while the lysate became highly viscous, indicating nucleoid unfolding.
Although the sequence of cytological changes during lysis was invariant, the time ofoccurrence of the respective changes in cell morphology depended on several parameters, including lysis temperature ( Table 2 , Fig. 3 ) and salt concentration (Fig. 4) .
Temperature dependence of cell lysis. Measured on a time course basis, the decrease in absorbance of the lysate after detergent ad- Fig. 3 ). At the higher incubation temperatures the number of rodshaped ghosts decreased beyond its maximum, and a proportional number of spherical ghosts > . _ A _ _ _~A A _ S_appeared in the lysate (Fig. 3B) . This observa- (Fig. 2g) .
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Cell lysis at high ionic strength. The use of a high salt concentration (1 M NaCl) for Effect ofthe incubation temperature ofcell stabilization of the released nucleoids was found the decrease in number of rod-shaped non-to have unfavorable consequences with respect ,zed cells (A) and the appearance of rod-to a fast and gentle isolation at low temperature O) and spherical (5) A first consequence of this high-ionic-strength as observed to be exponential. Therefore environment is illustrated in Fig. 4 , which shows sitivity of cells to detergent lysis could the effect of 1 M NaCl on the activity of lysoacterized by the time required to reduce zyme measured over the temperature range norDrbance of the lytic mixture to half its mally used. At high salt concentration the rate value (tA.5). This parameter and the of conversion of plasmolyzed cells to spherical rnding one for reversal of plasmolysis ghosts was considerably lower, especially at ras essentially temperature independent higher incubation temperatures (cf. Fig. 4B and  2 ). However, despite considerable fluc-D). A further analysis revealed that at high salt 3, the rate of formation of rod-shaped concentration the fraction of spheroplasts was ncreased considerably when the incuba-considerably reduced parallel with the appear- VOL. 133, 1978 on October 27, 2017 by guest http://jb.asm.org/ 882 MATERMAN AND VAN GOOL ance of a high percentage of rod-shaped ghost cells (cf. Fig. 4A and B with C and D). To overcome this inhibitory effect on lysozyme activity, excessive amounts of this enzyme have been used ranging from final concentrations of 0.8 up to 2.0 mg/ml (3, 12) . However, cell lysis became strongly inhibited when cells were incubated with increasing concentrations of lysozyme in the presence of a chelating agent (Fig.  5) . Although the extent of cell lysis may not have been appropriately reflected by the decrease in turbidity of the incubation mixture, parallel microscopic observations revealed that rapid and extensive cell aggregation occurred at a lysozyme concentration of 800 ,ug/ml, preventing cell lysis almost completely.
When, according to Kornberg et al. (6) , 1 M NaCl was replaced by 5 mM spermidine, an immediate and complete cell lysis was observed upon incubation with the same detergent mixture. This suggests that a preincubation of plasmolyzed, exponentially grown cells for 30 s with lysozyme and citrate was sufficient to render all the cells susceptible to detergent lysis. Consequently, a second major inhibitory effect of the high salt concentration on cell lysis was postu- ,g/ml; A, 200 pg/ml; x, 100ug/ml; 0, 25 pg/ml. lated at the level of the detergent action. The lysis of lysozyme-citrate-treated cells by the detergent mixture was considerably slower in the presence of 1 M NaCl over a temperature range extending from 0 to 25°C (Fig. 6 ).
DISCUSSION
The examination of morphological changes during cell lysis directly illustrates that the undisturbed release of nucleoids can only result from a compromise between two extremes. On the one hand, genome release may be restrained by a convoluted, unappropriately disrupted cell envelope as it occurs in cell lysis at 00C (Fig.  2f) , whereas at the other extreme the nucleoid may unfold and bind nonspecifically to vesiculating envelopes after a prolonged incubation of the lysate at higher temperatures (Fig. 2g) .
To avoid these extremes, cell lysis should be carried out in correspondence with two essential requirements for an efficient release of folded nucleoids. First, cell lysis should provide the possibility of an undisturbed release of the sizable nucleoid through the cell envelope. Second, the fragile DNA molecule must be protected by a fast and gentle lysis at low temperature in the presence of 1 M NaCl as a counterionic charge (4, 12) . These requirements, however, are difficult to reconcile since the high salt concentration was shown to inhibit the lytic effect of both lysozyme (Fig. 4) and the detergent mixture (Fig. 6 ). Attempts to improve lysis efficiency using higher lysozyme concentrations seemed to be unfavorable (Fig. 5) . Cell cleoids through a single gap in the cell envelope ( Fig. 2 and 3) . Since unlike the effect of detergents (2), lysozyme activity is temperature dependent, this gap presumably results from a selective interaction of lysozyme with zones of enhanced murein synthesis in the cell wall (13) . However, prolonged incubation of the lysate at high temperature results in a partial unfolding of the released nucleoids (9) and the trapping of vesiculating cell envelope fragments within nucleoids (Fig. 2g) . In addition, extensive detergent exposure could lead to a denaturation of proteins, contributing to stabilization of the folded nucleoid in situ (10) . It is therefore suggested that a microscopic control on the formation of rod-shaped ghosts should occur shortly after addition of the detergents.
